Cholangiocarcinoma (CCA) includes a heterogeneous group of biliary cancers with poor prognosis. Several conditions, such as primary sclerosing cholangitis (PSC), are risk factors. Noninvasive differential diagnosis between intrahepatic CCA and hepatocellular carcinoma (HCC) is sometimes difficult. Accurate noninvasive biomarkers for PSC, CCA, and HCC are not available. In the search for novel biomarkers, serum extracellular vesicles (EV) were isolated from CCA (n 5 43), PSC (n 5 30), or HCC (n 5 29) patients and healthy individuals (control, n 5 32); and their protein content was characterized. By using nanoparticle tracking analysis, serum EV concentration was found to be higher in HCC than in all the other groups. Round morphology (by transmission electron microscopy), size (180 nm diameter by nanoparticle tracking analysis), and markers (clusters of differentiation 9, 63, and 81 by immunoblot) indicated that most serum EV were exosomes. Proteome profiles (by mass spectrometry) revealed multiple differentially expressed proteins among groups. Several of these proteins showed high diagnostic values with maximum area under the receiver operating characteristic curve of 0.878 for CCA versus control, 0.905 for CCA stage I-II versus control, 0.789 for PSC versus control, 0.806 for noncirhottic PSC versus control, 0.796 for CCA versus PSC, 0.956 for CCA stage I-II versus PSC, 0.904 for HCC versus control, and 0.894 for intrahepatic CCA versus HCC. Proteomic analysis of EV derived from CCA human cells in vitro revealed higher abundance of oncogenic proteins compared to EV released by normal human cholangiocytes. Orthotopic implant of CCA human cells in the liver of immunodeficient mice resulted in the release to serum of EV containing some similar human oncogenic proteins. Conclusion: Proteomic signatures found in serum EV of CCA, PSC, and HCC patients show potential usefulness as diagnostic tools. (HEPATOLOGY 2017;66:1125-1143.
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C holangiocarcinomas (CCAs) are heterogeneous malignant tumors with dismal prognosis. Their incidence is increasing worldwide, CCAs represent the second most frequent primary liver tumor and 3% of all gastrointestinal cancers. (1, 2) The etiology remains largely unknown, but several conditions such as primary sclerosing cholangitis (PSC) increase the odds (5%-15%) of developing CCA. (3) Late diagnosis due to the lack of early symptoms as well as the refractory nature of these tumors seriously compromise the therapeutic options and patient outcome. (1, 2) CCAs are commonly diagnosed in advanced stages, when the disease is disseminated, by combining imaging methods (i.e., computed tomography, magnetic resonance imaging [MRI] , or endoscopic retrograde cholangiopancreatography), nonspecific tumor biomarkers in serum (i.e., carbohydrate antigen 19-9 [CA19-9] and carcinoembryonic antigen), and histological analysis of tumor biopsies.
On the other hand, PSC is commonly diagnosed by magnetic resonance cholangiography and by histological analysis of biopsies. (4) (5) (6) To date, there is a lack of accurate noninvasive methods for the diagnosis of both PSC and CCA, as well as for the differential diagnosis between PSC versus CCA and intrahepatic CCA versus hepatocellular carcinoma (HCC). (1, 3) In recent years, extracellular vesicles (EV) have emerged as an important tool in the search for biomarkers of different disorders as well as pathogenic players involved in disease development and progression. EV are lipid bilayer spheres of 40 to >1,000 nm in diameter generated by diverse cell types and contain specific proteins, lipids, RNA species, DNA, and metabolites. (7, 8) These small vesicles, which are released to the extracellular media and are present in many biological fluids, participate in intercellular communication in both physiological and pathological conditions. (7) (8) (9) (10) (11) To date, the most studied EV are exosomes, which are small vesicles (40-300 nm diameter) formed in multivesicular bodies upon invagination of the late endosome membrane. EV are present in different biological fluids such as blood, urine, saliva, bile, and ascites; and among their components they carry biomarkers for several diseases and play important roles in human pathophysiology. (7) (8) (9) (10) (11) In the present study, we have characterized the serum EV of CCA, PSC, HCC patients, and healthy individuals, as well as the EV derived from CCA human cell lines and normal human cholangiocytes (NHC) in vitro. The protein content of EV was determined, and the presence of novel biomarkers for PSC, CCA, and HCC, as well as oncogenes that might be involved in CCA tumor growth and dissemination, were investigated.
Patients and Methods

PATIENTS
Serum samples of CCA (n 5 43), PSC (n 5 30), HCC (n 5 29), and healthy (n 5 32) individuals were obtained from Donostia University Hospital (San Sebastian, Spain), Cruces University Hospital (Bilbao, Spain), "Complejo Hospitalario de Navarra" (Pamplona, Spain), and Medical University Hospital of Warsaw (Warsaw, Poland). Research protocols were approved by the ethical committees for clinical research of supporting institutions, and all patients signed written consent for the use of their samples for biomedical research. Supporting Table S1 summarizes the patients' characteristics. PSC patients were diagnosed by the presence of bile duct alterations including strictures or irregularities of intrahepatic or extrahepatic bile ducts using magnetic resonance cholangiography after excluding secondary causes of cholangitis. All patients fulfilled the criteria for the diagnosis of PSC according to the European Association for the Study of the Liver guidelines. (12) CCA and HCC were diagnosed by histological analysis of tumor samples and/or by a combination of clinical, biochemical, and radiological approaches; and the tumor stage was determined according to the seventh edition of the American Joint Committee on Cancer classification. (13) ORTHOTOPIC MOUSE MODEL OF CCA Human CCA cells (i.e., EGI1, n 5 500,000) were injected subcutaneously in 8-week-old Crl:CD1-Foxn1 nu mice (Charles River) and allowed to grow for 1 month. Resultant tumors were removed, cut into small pieces (0.25 cm), and implanted in the livers of another group of 8-week-old immunodeficient mice (n 5 16). A control group with sham operated mice was included (n 5 14). Tumor implantation and growth within the liver were monitored by MRI at the initial time point and 1 and 2 months later. Blood samples for EV isolation were collected 1 week, 1 month, and 2 months after orthotopic tumor implantation. The research protocol was approved by the Ethical Committee for Animal Research of the Biodonostia Health Research Institute (San Sebastian, Spain).
CELL CULTURES
NHC were isolated from normal liver tissue and characterized as described. (14) (15) (16) In addition, nontumor SV40-immortalized human cholangiocytes (i.e., H69; a gift from Dr. D. Jefferson, Tufts University, Boston, MA) and two commercial human CCA cell lines (i.e., EGI1 and TFK1; Leibniz Institute DSMZGerman Collection of Microorganism and Cell Cultures, Germany) were used. All cells were tested as mycoplasma-negative during the experiments.
ISOLATION OF EV FROM SERUM AND CELL CULTURES
The protocol for the isolation of EV from blood or cell culture media is described in the Supporting Information and summarized in Supporting Fig. S1 .
TRANSMISSION ELECTRON MICROSCOPY
For cryo-electron microscopy, EV samples were directly adsorbed onto glow-discharged holey carbon grids (QUANTIFOIL, Germany). Grids were blotted at 95% humidity and rapidly plunged into liquid ethane with the aid of VITROBOT (Maastricht Instruments BV, The Netherlands). Transmission electron microscope (TEM) images were obtained from vitrified samples at liquid nitrogen temperature using a JEM-2200FS/CR transmission cryo-electron microscope (JEOL, Japan) equipped with a field emission gun and operated at an acceleration voltage of 200 kV.
EV SIZE AND CONCENTRATION
The size distribution and concentration of EV were calculated by nanoparticle tracking analysis (NTA) using a NanoSight LM10 system (Malvern, UK) equipped with a fast video capture and particletracking software. NTA postacquisition settings were kept constant for all samples. Each video was analyzed to obtain the mode vesicle size and the concentration.
IMMUNOFLUORESCENCE
The expression of the exosome marker cluster of differentiation 63 (CD63) was determined in NHC, H69, and CCA (i.e., EGI1 and TFK1) cells by immunofluorescence as described in Supporting Information. (16) 
IMMUNOBLOTTING
Protein expression was analyzed as described in Supporting Information and using the antibodies listed in Supporting Table S2 . 
MASS SPECTROMETRY
STATISTICAL ANALYSIS
Results were statistically analyzed using GraphPad Prism 6 statistical software (San Diego, CA). Data are shown as mean 6 standard error of the mean. For comparisons between two groups, parametric Student t test or nonparametric Mann-Whitney test was used. For comparisons between more than two groups, the nonparametric Kruskal-Wallis test followed by a posteriori Dunn's test or the parametric one-way analysis of variance test followed by a posteriori Tukey's post hoc test was used. Serum concentrations of tested biomarkers with the best predictive value to discriminate between patients with CCA, PSC or HCC and controls were determined using area under the receiver operating characteristic curve (AUC) analysis with SPSS 20.0 software (IBM, Ehningen, Germany) followed by calculations of sensitivity and specificity. Expression differences and P values of the biomarker proteins were calculated using logarithmic values as samples did not follow a gaussian distribution. Differences were considered significant when P < 0.05.
Results
CHARACTERIZATION OF SERUM EV FROM CCA, PSC, HCC, AND HEALTHY INDIVIDUALS
Serum EV were characterized by TEM, immunoblotting, and NTA. These nanovesicles showed the typical exosome-like round morphology by TEM (Fig.  1A ) and high concentrations of the exosome protein markers CD9, CD63, and CD81 by immunoblot compared to the whole-cell extract (WCE) of NHC (Fig. 1B) . On the other hand, no expression of the endoplasmic reticulum 78-kDa glucose-regulated protein (negative control) was found in the isolated serum EV compared to the high expression observed in the WCE of NHC, supporting the accuracy of the EV isolation approach. Analysis of the serum EV size (mode) by NTA revealed a slight decrease in the EV mode size in CCA versus PSC patients, although no differences were observed between the other groups. The average mode size of serum EV was 180 nm in all groups (Fig. 1C) . Regarding the serum EV concentration, no differences were found between CCA or PSC patients and healthy controls, whereas HCC patients showed a slight increase in serum EV concentration compared to the other three groups (Fig. 1C) .
COMPARATIVE PROTEOME CONTENT OF SERUM EV FROM CCA, PSC, HCC, AND HEALTHY INDIVIDUALS
The protein composition of serum EV isolated from CCA, PSC, and HCC patients and healthy individuals was determined using mass spectrometry technology. In agreement with previous results obtained by immunoblotting, the exosome markers CD9, CD63, CD81, and Flotillin-1 were identified in the serum EV isolated from all four experimental groups (Supporting Table S3 ). A total of 541 proteins were identified in serum EV of healthy controls compared to 427, 574, and 399 proteins found in PSC, CCA, and HCC patients, respectively (Fig. 1D) . Then, the differential proteome content of serum EV from the CCA, PSC, HCC, and healthy control groups was determined. A total of 95 proteins were found differentially expressed in CCA versus controls, 161 in PSC versus controls, 50 in CCA versus PSC, and 98 in HCC versus controls. GO analysis revealed that the differential proteins in CCA versus control, PSC versus control, CCA versus PSC, and HCC versus control are related mostly to response to wounding, defense to infections, inflammatory responses, and immune activation (Fig.  1D ). The selection of biomarkers between CCA versus control indicated that aminopeptidase N (AMPN), pantetheinase (VNN1), and polymeric immunoglobulin receptor (PIGR) show the best diagnostic capacity, with AUC values of 0.878, 0.876, and 0.844, respectively. These results are in line with the AUC of CA19-9 (i.e., 0.907), a nonspecific serum tumor biomarker commonly employed in the diagnostic process of CCA ( Fig. 2A) . In serum EV from PSC patients, AMPN, ficolin-1 (FCN1), and neprilysin present the best diagnostic capacity, with AUC values of 0.789, 0.771, and 0.761, respectively, compared to the healthy control group (Fig 2B) . Since PSC is a major risk factor for CCA development, the differential diagnostic value of serum EV proteins was compared between CCA and PSC. A selection of 10 overexpressed proteins in CCA versus PSC patients presenting the best differential diagnostic values was carried out (Fig. 2C) . In particular, fibrinogen gamma chain (FIBG), alpha-1-acid glycoprotein 1 (A1AG1), and S100A8 proteins showed the best differential diagnostic capacity, with AUC values of 0.796, 0.794, and 0.759, respectively (Fig. 2C ). According to these data, the diagnostic capacity of FIBG, A1AG1, and S100A8 is in line with Representative immunoblots indicating that the EV isolated from blood serum of healthy individuals present enrichment of the EV markers CD9, CD63, and CD81 (positive controls) but do not contain the endoplasmic reticulum marker 78-kDa glucose-regulated protein (negative control) compared to WCE of NHC used as control. (C) NTA of serum EV revealing a similar EV mode (180 nm) between CCA (n 5 41), PSC (n 5 30), HCC (n 5 29), and healthy individuals (control) (n 5 32). An increased concentration of serum EV was found in HCC compared to the other three groups by NTA. (D) Venn diagrams showing the number of proteins identified for each comparison and total proteins identified in each case (two peptides, false discovery rate <1%/protein). GO (DAVID bioinformatics database) analysis of the proteins differentially present in serum EV from CCA versus PSC patients and CCA, PSC, or HCC patients versus healthy controls. Abbreviations: ER, endoplasmic reticulum; Grp78, 78-kDa glucose-regulated protein.
CA19-9 (AUC, 0.819). However, of note, several of the best biomarker candidates for the differential diagnosis of CCA versus PSC improved their diagnostic values when comparing early-stage CCA (I-II) versus PSC (Fig. 2D) . In particular, FCN2, inter-alphatrypsin inhibitor heavy chain H4, and FIBG showed higher diagnostic value (AUC, 0.956, 0.881, and 0.881, respectively) than CA19-9 (AUC, 0.736) in CCA I-II versus PSC patients (Fig. 2D) . New biomarker candidates for HCC versus control were also found, especially galectin-3-binding protein (LG3BP) and PIGR, with AUC values (i.e., 0.904 and 0.837, respectively) higher than alpha-fetoprotein (AFP; AUC, 0.802) (Fig. 2D) , a nonspecific serum tumor biomarker commonly employed in the diagnostic process of HCC.
Moreover, protein levels of VNN1, C-reactive protein (CRP), FIBG, IGHA1, A1AG1, and gammaglutamyltransferase 1 are increased in serum EV of CCA patients compared to all PSC, HCC, or healthy individuals (Fig. 2E) . Protein levels of FCN2 in serum EV are decreased in PSC patients versus both control individuals and CCA patients (Supporting Fig. S2 ). Moreover, both AMPN and neprilysin levels are elevated in CCA and PSC patients compared to healthy controls and HCC patients ( Fig. 2E; Supporting Fig.  S2 ). On the other hand, PIGR, which is elevated in all PSC, CCA, and HCC patients compared to healthy controls, seems to be a nonspecific biomarker probably related to inflammation (Fig. 2E) . Finally, LG3BP is increased in HCC compared to all CCA and PSC patients and healthy controls (Fig. 2E) .
Next, immunoblot experiments comparing the expression of different identified biomarkers (e.g., PIGR, AMPN, and CRP) in serum EV, serum protein pellet, serum without EV, and total serum of all normal, PSC, and CCA individuals were performed. Our data indicate that PIGR and AMPN are mostly concentrated in serum EV rather than free or forming complexes in serum, whereas CRP is present in both EV and free or forming complexes in serum (Fig. 2F) . Moreover, these biomarkers and potentially others ( Fig. 2A-E) can also be detected in whole serum by immunoblot (Fig. 2F) , supporting their future screening using whole serum.
CHARACTERIZATION OF EV FROM NHC AND CCA HUMAN CELLS IN VITRO
EV were isolated from NHC, H69, and two CCA human cells lines (i.e., EGI1 and TFK1); and they were characterized by TEM, western blot, NTA, and immunofluorescence. TEM images showed that the EV derived from NHC, H69, and CCA cells exhibit a typical exosome-like round morphology (Fig. 3A) . Size analysis of EV revealed mode diameters (6 standard error of the mean) of 152.9 6 6.0, 167.7 6 2.0, 143.8 6 10.5, and 142.7 6 12.2 for NHC, H69, and CCA cells (EGI1 and TFK1), respectively, with no statistically significant differences among them (Fig.  3B) . The EV derived from the apical or basolateral membranes of the cells did not show size differences between NHC and CCA cells (data not shown). Interestingly, the amount of EV secreted from the apical membrane of the cells was markedly higher compared to the basolateral membrane in both NHC and CCA cells (Fig. 3C) . Next, levels of exosome protein markers CD9, CD63, and CD81, determined by immunoblotting, were compared between EV and their corresponding WCEs. The EV fraction from all 
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cell types was enriched in these proteins (Fig. 3D) . Finally, analysis of CD63 expression by immunofluorescence showed that both CCA cell lines (EGI1 and TFK1) display more CD63-positive vesicle aggregates in the cytoplasm than NHC and H69 cells (Fig. 3E) . , serum without EV, and total serum of CCA, PSC, and HCC patients and healthy individuals. The sensitivity, specificity, and AUC for the diagnosis of the classical nonspecific serum tumor markers CA19-9 and AFP were also determined. Abbreviations: GGT1, gamma-glutamyltransferase 1; ns, not significant; SEN, sensitivity; SPE, specificity.
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COMPARATIVE PROTEOME CONTENT BETWEEN WCE AND EV DERIVED FROM NHC AND CCA HUMAN CELLS
Differential mass spectrometry analysis was carried out to further characterize the protein content of EV and WCEs from NHC, H69, and CCA (i.e., EGI1 and TFK1) cells. A high number of proteins were identified in the WCEs and EV fractions of NHC, H69, and CCA cells. A total of 2,156 and 1,635 proteins were detected in the WCE and EV of EGI1 cells, respectively, and 1,926 and 1,322 proteins in the WCE and EV of TFK1 cells, respectively. On the other hand, 1,318 and 820 proteins were identified in WCE and EV of NHC and 2,870 and 1,440 proteins in WCE and EV of H69 cells, respectively (Fig. 4A) . Of note, higher numbers of proteins were identified in EV derived from the apical (777, 367, and 450) compared to the basolateral (82, 142, 8) membrane in EGI1, TFK1, and NHC, respectively (Fig. 4A) . As expected, the EV fractions were enriched in EV protein biomarkers CD9, CD81, CD63, tumor susceptibility gene 101 protein, and Flotillin-1, among others (Supporting Table S3 ). Likewise, an increased number of proteins involved in vesicle physiology was present in EV isolated from all four cell types compared to their matched WCEs by GO analysis (Supporting Fig. S3 ).
Principal component analysis revealed different proteome profiles between samples (Fig. 4B) . The WCE of both CCA cell lines (EGI1 and TFK1) has a closely related proteome but is different from both NHC and H69 cells. Notably, the H69 WCE proteome is more similar to CCA cells than to NHC. These tendencies were also found in the EV proteome of all four types of cell culture. All of these data indicate that the H69
FIG. 2. (Continued).
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cells present proteome profiles (in both WCE and EV) more similar to CCA cells than to NHC. Considering this information, we performed proteomic selective comparative analysis between CCA cells and NHC. A total of 155 proteins were differentially expressed in EV of both CCA cell lines (EGI1 and TFK1) compared to NHC, and 108 of them were overexpressed in both CCA-derived EV (Fig. 4C) . Then, functional characterization of the differentially expressed proteins was performed by using two different in silico bioinformatic softwares (i.e., DAVID and IPA) and bibliographic analysis of the proteins. GO annotations using the DAVID database indicated that a high number of the differentially expressed proteins are key players in different biological processes necessary for cancer development and progression, including cell proliferation, inflammation, survival, differentiation, and particularly processes related to the promotion of cell migration (Fig. 4D ). These data were confirmed and expanded using the IPA bioinformatics software. The IPA software analysis linked the differential proteome of CCA-derived EV to the activation of several important pathways for cell migration such as integrin, Rho guanosine triphosphatases, integrin-linked protein kinase, Rho A, and Rac, which represent important drivers for cancer cell migration, invasion, and metastasis (Tables 1 and 2 ; Supporting Fig. S4 ). Moreover, the differential proteome of CCA-derived EV was also associated with cell proliferation and survival (Table  1) . Individual analysis of these proteins revealed that CCA-derived EV contain key reported oncogenic proteins for CCA and other tumors (Fig. 4E) others. Some of these proteins were particularly found in EV derived from the apical or basolateral membrane (Fig. 4E) . Interestingly, several proteins, such as brainspecific angiogenesis inhibitor 1-associated protein 2, fibronectin 1, annexin A5, inter-alpha-trypsin inhibitor heavy chain H2, filamin A, and erythrocyte band 7 integral membrane protein, were similarly dysregulated in EV from CCA versus healthy individuals and in both CCA human cell lines compared to NHC (Fig. 4F) .
ANALYSIS OF THE PRESENCE OF HUMAN CCA-DERIVED EV IN SERUM OF MICE
In order to evaluate if CCA tumor cells in the liver might secrete EV that can be present in serum, an orthotopic CCA model was generated by the implantation of human EGI1-derived CCA tumors into the liver of immunodeficient mice. Once the orthotopic tumor growth was confirmed by MRI (Fig. 5A) , serum EV were isolated and characterized by NTA and mass spectrometry analysis. NTA revealed no differences in serum EV size and concentration between mice with and without human CCA tumors in the liver (Supporting Fig. S5 ). Proteomic analysis indicated the presence of the EV markers CD9 and CD81 (data not shown) in the serum EV of both mouse experimental groups, with and without implanted CCA human tumors in their livers. A total number of 23 proteins of human origin with at least two different human peptides identified were detected in serum EV of mice with orthotopic human CCA tumors (Fig. 5B) but not in sham controls, of which nine were also present in CCA-derived EV in vitro (Fig. 5B) .
Discussion
Current clinical needs in the management of CCA patients are focused on the search for new noninvasive tools for early and adequate diagnosis, as well as novel therapeutic options based on the underlying molecular mechanisms of tumorigenesis. The present study supports the concept that serum EV contain protein biomarker candidates for PSC, CCA, and HCC and that CCA-derived EV carry oncogenic proteins that may promote the growth and dissemination of these tumors. Previous studies have evaluated the presence of protein biomarkers in bile, serum, and urine of CCA patients by liquid chromatography coupled to tandem mass-spectrometry. (17) (18) (19) This high-throughput proteomic technique has become a powerful approach for biomarker discovery because it enables the identification and quantification of thousands of proteins within the same study. Nevertheless, while changes in the proteome profile were reported in bile and urine of CCA patients compared to control individuals, no good biomarker candidates resulted from the analysis of serum in CCA patients, probably as a consequence of the high abundance of common plasma proteins. (17, (19) (20) (21) To overcome this problem, we focused our attention on the serum EV fraction. We set up the conditions to isolate EV with high efficiency from only 1 mL of serum. The morphological and molecular features of these serum EV indicated that they were mainly exosomes, a fraction of EV derived from the multivesicular bodies of the cells by a dynamic and very precise mechanism. (7, 8) No differences in the serum EV concentration were obtained between CCA, PSC, and control individuals. However, an increased serum EV concentration was found in HCC patients compared to the other three groups, which is in line with other types of cancer and diseases such as diabetes, chronic kidney disease, and hypertension. (22, 23) EV can be released to serum by multiple cell types including tumor cells. (24) Here, we performed a proof of is commonly used to support the diagnosis of CCA and for monitoring tumor progression. However, the specificity of this marker is low because 30% of PSC patients with elevated CA19-9 are CCA-free for a long period. (3, 25) In addition, increased serum CA19-9 levels are characteristic of bacteria-related cholangitis, other types of cancer, polycystic liver diseases, and smoking; and CA19-9 is not produced in 10% of the population. (25) In this regard, several studies have reported heterogeneous CA19-9 values ranging between 31% and 100% specificity and between 38% and 100% sensitivity in CCA. (25, 26) On the other hand, the distinction between PSC-associated biliary strictures and CCA early-stage lesions by MRI is also complicated, (2, 3) and invasive biliary brushing by endoscopic retrograde cholangiography used for conventional cytology and/or fluorescent in situ hybridization have only moderate diagnostic accuracy and are not generally considered due to procedure-related complications such as pancreatitis and cholangitis. (2, 3) In HCC, the serum tumor marker AFP provides low diagnostic value but is considered in the follow-up when patients showed previous increased levels. (27) In the present report, a differential proteome profile was identified in serum EV of CCA, PSC, HCC, and healthy individuals. Several proteins with differential degrees of abundance were found in serum EV of CCA versus healthy individuals, some of them with significant diagnostic potential, such as AMPN, VNN1, and PIGR. Similarly, serum EV of PSC patients are enriched in different proteins, some of them such as AMPN, FCN1, and neprilysin with diagnostic capacity. In addition, some of the proteins differentially identified in serum EV of CCA versus PSC patients presented differential diagnostic capacity, such as FIBG, A1AG1, and S100A8. Importantly, some biomarkers (i.e., FCN2, inter-alpha-trypsin inhibitor heavy chain H4, and FIBG) show higher diagnostic values in early-stage CCA (I-II) versus PSC patients than CA19-9. Likewise, of particular interest are VNN1, CRP, FIBG, IGHA1, and A1AG1 proteins, which are up-regulated only in serum EV of CCA patients compared to all PSC, HCC, and control individuals, highlighting their potential diagnostic value. Of note, several studies have pointed out the bad prognostic value of increased CRP levels in total serum of CCA patients (28) (29) (30) and the role of AMPN (also called CD13) as a liver cancer stem cell marker. (31) On the other hand, in HCC both LG3BP and PIGR showed higher diagnostic capacity than AFP. Interestingly, both LG3BP and PIGR are oncogenic proteins that promote HCC progression, tumor cell transformation, invasion, and proliferation (32, 33) ; and LG3BP has also been proposed as a bad prognostic biomarker for HCC. (34) Our findings are consistent with a previous report indicating that EV in human bile may serve as a noninvasive tool for the diagnosis of CCA as they contain a specific panel of microRNAs with diagnostic value. (18) We reckon that well-designed prospective studies are now needed to perform in-depth investigations concerning their clinical value. These analyses should include, for example, combinations of selected markers together with the already available CA19-9 or AFP markers. Therefore, owing to the urgent need for good diagnostic biomarkers for CCA, PSC, and HCC, particularly in early stages, these new findings should be confirmed in the near future by further international studies with large cohorts of patients. Moreover, evaluation of protein biomarker candidates in serum EV of CCA or HCC patients before and after tumor resection may provide valuable information on their potential value as early diagnostic biomarkers of tumor recurrence as well as on the prognosis after surgery.
Regarding the role of EV in CCA pathogenesis, recent reports have shown that CCA-derived EV are able to regulate the microenvironment and growth of these tumors. In particular, CCA-derived EV were shown to stimulate secretion of the proinflammatory cytokine interleukin-6 by mesenchymal stem cells, further promoting the growth of CCA cells. (35) CCAderived EV also stimulate the invasion and migration of these cancer cells. (36) Moreover, EV participate in the trafficking of specific microRNA species between cancer-associated fibroblasts and CCA cells, thus regulating tumor growth. (37) Here, we characterized the EV released from NHC, H69, and two CCA human cell lines. Our data indicated that most EV released by NHC, H69, and CCA cells show exosome-like features. Of note, both CCA human cell lines presented increased concentration of CD63-positive vesicles in the cytoplasm compared to NHC and H69 cells. Proteomic analysis of EV revealed that the profile of CCA-derived EV is quite similar between the two human CCA cell lines (i.e., EGI1 and TFK1) but different from NHC and H69 cells. Proteomic evaluation of CCA cell-derived EV revealed a common enrichment in oncogenic proteins in both tumor cell lines compared to NHC. Some of these oncogenic proteins have been associated with the promotion of tumor cell proliferation, invasion, and migration, such as EGFR, ITGB4, agrin, EGFR kinase substrate 8, tumorassociated calcium signal transducer 2, CUB domaincontaining protein 1, disintegrin and metalloproteinase domain-containing protein 10, and epithelial cell adhesion molecule. Of note, the expression of EGFR, (38) ITGB4, (39) agrin, (40) epithelial cell adhesion molecule, (41) EGFR kinase substrate 8, (42) tumorassociated calcium signal transducer 2, (43) and MUC1, (44, 45) which are bad prognostic factors for CCA, was up-regulated in CCA tissue, supporting the notion that CCA-derived EV may be a reflection of the tumor features. Of special interest are EGFR, MUC1, and ITGB4. EGFR is found up-regulated in press different oncogenic proteins that may be involved in the promotion of tumor growth and invasion/ metastasis. These CCA-derived EV may be also present in blood serum of patients and, together with other specific serum EV present in CCA patients, may provide new specific protein biomarkers for diagnosis.
CCAs, promoting the growth, dedifferentiation, and invasion/migration of tumor cells, being considered a bad prognostic factor. (38) MUC1, also found upregulated in CCAs, promotes CCA proliferation and metastasis and correlates with poor outcomes. (44, 45) In addition, ITGB4, an integrin essential for the specific determination of the tumor metastasis location, promotes the preferential organotropism of tumor cells. (39) The high abundance of these three oncogenic proteins in CCA-derived EV suggests their potential key role in the promotion of CCA cell and stroma growth, as well as in tumor cell dissemination. However, further studies are needed to clarify the particular role of all these proteins found up-regulated in CCA-derived EV and their potential therapeutic regulatory value.
In sum (Fig. 5D) , this study provides evidence that serum EV contain specific proteins with potential diagnostic and prognostic value for CCA, PSC, and HCC, opening new opportunities for their potential use as novel noninvasive tools. CCA-derived EV may be found in serum of patients and carry oncogenic proteins that could participate in the progression and dissemination of CCA. Manipulation of CCA-derived EV may represent a potential therapeutic strategy that deserves future investigation. Predicted activation of canonical pathway based on proteins present in CCA EV, calculated with IPA software. Z score represents the activation state of the upstream regulator of the pathway (positive numbers represent activation and negative numbers, inactivation). P values are represented as -log P values. Abbreviation: GTPase, guanosine triphosphatase. Biological functions related to tumor processes by IPA software. Z score represents the activation state of the upstream regulators related to such biological process (positive numbers represent activation and negative numbers, inactivation). P values are represented as -log P values.
